The U.S. Army Corps of Engineers (USACE) has approximately 2,300 floating plant assets that consist of barges, tow boats, floating cranes, survey boats, patrol boats, and fleet dredges that have diesel engines. Under the Dredging Operations and Environmental Research (DOER) program, diesel fuel additives were tested to evaluate their potential for reducing diesel fuel consumption and cost.
Fuel usage was measured while using the additives with diesel fuel (candidate tests) and compared to fuel usage under the same conditions while using only standard diesel fuel (baseline tests). The evaluations were conducted in the field under actual, in-use operating conditions. The results are applicable to the host engines and operating conditions, but similar results can be expected for similar engine families, year of manufacture, and operating regimes. While the Envirofuels, DurAlt, and Lucas additives showed limited fuel reduction in select operation conditions, only the ethanol injection system consistently showed potential to reduce diesel fuel consumption, which may be due to its higher injection volume. Under the Dredging Operations and Environmental Research (DOER) program, the following diesel fuel additives were tested to evaluate their potential for reducing diesel fuel consumption (and reducing reliance on fossil fuels and cost:
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• An ethanol injection system
These four technologies were selected from candidates proposed by various districts and subsequently tested on some of the diesel plant of those respective districts.
Objective
The objective of this study was to evaluate various fuel additives to determine their potential for reducing diesel fuel consumption. The alternative power system at the lock uses a Cummins NTA855-G2 inline 6-cylinder engine with a rated brake horsepower (bhp) of 466 at 1800 revolutions per minute (rpm) and a displacement of 855 cu in. Manufactured in 1990, it has only 400 hr of service. It is connected to an Onan Generator, Model #300DFCB36975E with a 350 kW output.
The Taggatz 
Test Procedures and Equipment
Duty cycles are detailed descriptions of equipment maneuvers observed during testing. Equipment maneuvers may be described as individual events. For the engines coupled to the generators, events are idle, low, mid-range, and high generator loading. For the Pathfinder, events are backing, travel forward, turning, docking, etc. Composite events consist of a combination of individual events over varying time periods. The Pathfinder, for example, may combine a multiple of simple events such as slight forward travel with a reverse load on the other engine to turn while maintaining both engines at a constant speed for long intervals. A simple duty cycle is an arbitrary arrangement of single or composite events of specified duration (from 15 minutes to 1 hr to allow a reasonable number of test runs during a typical day) under controlled conditions that is representative of a typical work activity task. Simple cycles need to be repeatable as determined by the appropriate cycle criteria.
For the Lock and Dam No. 4 and the Taggatz engine-generator sets, simple duty-cycle testing consisted of a series of specified-generator kilowatt loads with the diesel engines running at 1800 rpm. The design generator loads were 25%, 50%, 75%, and 90% for the Lock and Dam No. 4 generator and 25%, 50%, 75%, and 85% for the Taggatz generators. The tests at each load were designed to last 20 minutes after a stabilization period. However, due to cooling restrictions on the Taggatz at the higher loads, the testing was shortened to 7 minutes for the 75% load and 3 minutes for the 85% load.
Simple duty-cycle testing for the Pathfinder was based on the "Guidelines Analysis determined that the repeatability of engine speed and power for an event series, and resulting confidence intervals, varied because of miscellaneous debris in the water below the vessel which could wrap around the propeller during the testing. This variable, for example, caused significant nonuniformity in loads. Therefore, the data was divided into segments of repeatable loads observed during the bollard testing.
Composite-events test design for the Pathfinder specified a series of in-use engine power conditions while operating in a canal with very little current. However, it was found that the repeatability of engine speed and power for an event series, and resulting confidence intervals, varied because of unknowns attached to the Pathfinder propeller during the testing. As a result, only segments of the composite-events data, representing stable operation of the engine and consistent loading at each load level while transiting up and down the canal, were utilized for data analysis. While in transit, propeller cavitations were not a problem, and the analyzed data segments were for engine loads of 25% (1132 rpm), 50% (1425 rpm), 75% (1630 rpm), and 100% (1800 rpm).
Performance of the additives was evaluated by determining the differences between baseline (no additive) and candidate (with additive) brake specific fuel consumption (BSFC) for each test condition. BSFC is the rate of fuel consumption divided by the power produced. For the enginegenerator sets, it is given as pounds of fuel per kilowatt per hour (lb/kWh), and for the Pathfinder as pounds of fuel per brake horse power per hour (lb/bhp-hr).
Coriolis meters installed in the diesel engines' fuel supply and return lines measured the fuel mass flow rate. Fuel consumption is the difference between the supply and return fuel rates. Technicians secured the meters to engine room supports with mounting assemblies to isolate them from engine vibration. The return meter was installed vertically with the flow moving from the bottom to top to quickly remove any bubbles in the fuel that may have formed due to excess injector pump temperatures. A ball valve was installed at the discharge of the flow meter to minimize air bubbles in the coriolis tube. Once the meters were installed, test personnel ensured that the engines ran properly. Fuel from the return meter was briefly diverted into a transparent hose or a bucket to verify that the flow was not aerated. Prior to commencing testing, operators stopped all engines and technicians completed zero flow checks to the fuel-filled meters per the manufacturer's specifications.
For the Lock and Dam No. 4 and the Taggatz engine-generator sets, an ION 7600 power meter was used to gather electrical power and energy data from the generator sets. Voltage lines for the power meter were connected directly to the lines going to the load bank, and electrical current data was collected from a set of 400:1 current transformers that were also installed on the load-bank lines. The ION meter calculates electrical power, power quality, and energy data from these connections. A pulse signal was sent from the ION meter to the data logger for every 300 Wh of electrical energy generated to verify consumption by the load bank.
For the Pathfinder, a Binsfield TorqueTrack 10K (TT10K) telemetry system with strain gauges bonded to each propeller shaft was used to measure engine-specific power. Shaft revolutions were measured by a Binsfield rpm module with magnetic sensors. The torque sensor consists of a strain gauge permanently bonded to the drive shaft and a batterypowered transmitter. Test personnel attached the transmitter and its 9-volt battery back to the shaft during the monitoring periods. Shaft diameter and material were inputs to the power calculations.
The shaft revolutions sensor was mounted on an adjustable magnetic base that was attached to a steel plate below the propeller shaft. Two permanent magnets were attached to the shaft. An acquisition module converted the analog and pulse signals to RS-232 to allow communication with the data logging computer. One-second (1 Hz) in-use fuel consumption, torque, shaft rpm, and power production data were logged during the tests.
Fuel Additives
At Lock and Dam No. 4, an alcohol injection system designed by Austin Renewable Fuels was installed on the generator engine. The injection system claims a boost in diesel performance, improvements in fuel economy, and a reduction in emissions. It is designed to deliver a 50/50 ethanol and water mixture to the engine's intake system after the turbo. Its major components consist of a controlled pump and three injection nozzles that were installed in the engines' intake manifolds. The typical maximum injection rate for the generator engine at the Lock and Dam No.4 was approximately 6 gallons per hour. The ethanol alcohol properties are listed in Table 1 . A diesel fuel catalyst (DFC) produced by Envirofuels was tested on the Taggatz. The Envirofuels DFC claims to provide improvements in fuel economy by creating a catalytic reaction that optimizes the heat release rate of the fuel which leads to an increase in power, reduced emissions, and a decrease in fuel consumption. It is also stated to create a nonaccumulative surface conversion which forms through chemisorptions of the inorganic polymer complex into the surface of ferrous and nonferrous metals. The polymer complex is said to passivate the surface, improving reflectivity and reducing oxygen reactivity, which results in more complete combustion.
The DFC was blended with the vessel's number one diesel and required a minimum degreening period 1 of 300 hr per engine before candidate testing would be able to measure its effects. After the baseline tests were completed, the onboard fuel tanks were filled with diesel fuel, and the DFC was added to produce the recommended ratio of 625:1 by volume for the initial passivation and degreening period. Before the additive testing began, the recommended ratio of 1250:1 was run in the engines for more than a month (only a 7-day period was required by the additive manufacturer). Table 2 lists the fuel and additive amounts during the degreening period. Table 3 lists the DFC properties. Table 4 .
The Lucas Fuel Treatment additive produced by Lucas Oil Products, Inc. claims to provide improvements in fuel economy and has additives with high detergents for cleaning the fuel system and combustion chamber. The recommended dosage for the Lucas additive (as provided by the manufacturer) is 32 oz (1 quart)/946 ml per 100 gallons of fuel. The physical properties of the Lucas fuel additive are listed in Table 5 . Approximately 1,000 gallons of fuel blended with each additive was used in the engines before testing began. Table 6 lists the fuel and additive amounts that were used in the break-in periods and the manufacturers' recommended ratios. The results for Lock and Dam No. 4 are given in Tables 7, 8 and 9, and shown in Figures 3, 4 , and 5.
During testing, the return fuel flows could not accurately be measured at loads below 50% with the alcohol injection system operating. During the 25% load tests, diesel fuel use was diminished to the point that it was boiling in the return system, and the data were highly inconsistent, with typical candidate fuel-use standard deviations of 15% of the base fuel consumption reading. Consequently, the results of the 25% load tests were excluded. The percentage changes in fuel consumption for the load bank tests are listed for both the baseline tests as compared to the additive tests, and for the changes between each of the baseline fuel test results. Note: Baseline 1 fuel return had bubbles in the return fuel line, invalidating the data. The negative numbers indicate a decrease in fuel usage over the baseline fuel. There are statistically significant differences in diesel fuel consumption when using the candidate alcohol injection system compared to baseline usage at the 50% load (a reduction of approximately 30%), and at the 75% and 90% generator loads (a reduction of approximately 12% for both). The higher reduction in diesel fuel usage at the 50% load is likely because the injection system did not dose alcohol according to any engine load parameters but rather maintained the same injection pressure at all engine loads. Because of this constant injection pressure, alcohol flow was slightly reduced at higher load settings due to increased back pressure in the intake manifold, where the injection took place. As a result of these effects, proportionally more diesel was displaced at 50% load than at the 75% and 90% loads (as reflected by the aforementioned fuel consumption reduction values at different loads).
To determine if using the alcohol injection system had any effect on carbon dioxide (CO2) emissions, CO2 emissions per megawatt-hour were estimated. Emissions factors were estimated using the Department of Energy, Specific Energy, Energy Density, and CO2 data for diesel and alcohol. The estimated values are listed in Table 10 . Negative numbers indicate a decrease in CO2 production while positive numbers represent an increase. The calculations show decreases in CO2 production at the 50% and 90% loads and little or no difference at the 75% load. The lock and Dam No. 4 energy output in kWh was compared with the engine's energy input to determine if there was an improvement in engine efficiency when using the alcohol injection system. Figure 6 shows the average BTU input per fuel type and subsequent kWh output for each test load during baseline and candidate testing. In the figure, the first bar represents the BTU content of the fuel used during the baseline conditions. The second and third bar in the graph represent the diesel and alcohol fuel BTU content used during the candidate conditions, and the final bar represents the total BTU of fuel used during the candidate conditions. The calculations were based on BTU contents found on the GREET Transportation Fuel Cycle Analyses Model (Argone National Laboratory 2008). The BTU content of a gallon of ethanol and diesel used to calculate the results is 76,300 and 128,450, respectively. The engine is more efficient with the candidate system at the 50% and 90% loads by 5.98% and 1.17%, respectively, and less efficient at the 75% load by 0.27%. 
Taggatz
The test loads for the Taggatz are listed for port engine-generator set in Table 11 and for the starboard engine-generator set in Table 12 . The percentages are the percent differences from the target test design loads. For the port engine, the data for the 25% load were eliminated from the analysis because of the difference between baseline and candidate engine loading. The discrepancy was the result of a miscommunication between the test personnel and the load-bank operator. The port test results are listed in Tables 13, 14 , and 15 and shown in Figures 7, 8 , and 9, and the starboard test results are shown in Tables 16,  17 , 18, and 19 and Figures 10, 11 , 12, and 13. Positive numbers indicate an increase in fuel usage over baseline fuel usage, and negative numbers indicate a decrease in fuel usage over baseline fuel usage. All of the port-side results were shown to be statistically significant. However, for the starboard side, only the 25% and 85% load tests, which showed a slight increase in fuel consumption during the additive testing, are statistically significant. The candidate additive shows fuel use decreases of 3.73%, 1.28%, and 9.51% for port engine loads of 50%, 75%, and 85%, and increases of 3.32%, 1.02%, 1.13%, and 1.51% for starboard engine loads of 25%, 50%, 75%, and 85%.
The port engine's governor actuator required replacement after the baseline testing had been performed and also required slight adjustments during the degreening period. The actuator helps the engine maintain a constant speed of 1800 rpm, thereby allowing the generator to produce a steady amount of energy. After the degreening period had begun, engine speed variation was noticed, and the necessary parts were replaced.
The starboard engine's fuel and load data were consistent, and data collection and analyses were conducted without problems. Since the starboard engine showed a statistically significant increase in fuel consumption during candidate testing at the 85% load, the 9.51% decrease in fuel consumption at the 85% load for the port engine is discounted. Overall, the conclusions are that the starboard engine results are the reliable ones and that the additive did not reduce fuel consumption. The problem with the port engine results may be the result of an improperly tuned governor actuator. The bollard-push test results for the Pathfinder are presented in Figure 14 and Table 20 . As illustrated in Figure 14 , at each load condition, little change is observed in the fuel consumption from baseline to candidate. In Table 20 , the percent change in fuel consumption for the bollard push tests are listed for the baselines as compared to the additive and the changes between each of the baseline fuel test results. Comparisons are made between the fuel consumption during baseline 1 (BL1) or baseline 2 (BL2) and candidate 1 (C1 -Lucas) and separately between baseline 2 (BL2) or baseline 3 (BL3) and candidate 2 (C2 -DurAlt). Positive numbers indicate a slight increase in fuel usage over the baseline fuel usage. The negative numbers indicate a decrease in fuel usage compared to that of the baseline fuel. No statistics could be performed on these results because these tests were performed as a single test for a long duration of time. The duty-cycle test results for the Pathfinder are presented in Table 21 and Figure 15 . As presented in Table 21 and Figure 15 , the impacts of the additives on fuel consumption appear to be minimal for the operating regimes under which the tests were completed. Statistical significance was calculated using a two-tailed t-test evaluation. Only one difference was found to be statistically different, the BL1 to C1 difference of -1.8924 at 25% load.
It should be noted that the in-use tests were completed while traveling downstream and then while traveling upstream. Because of the impacts of the current on engine power delivered to the shaft, there were slight differences between the fuel consumption when operating in each direction. The data presented in Table 21 and Figure 15 aggregate all test runs (two each of up and downstream) into a single mean fuel consumption rate and associated standard deviation. However, as a worst case, the statistical significance of any changes between additive-dosed and baseline fuels for upstream-only and downstream-only data was evaluated. In each case, the slight decrease of the standard deviation due to the elimination of the downstream data (and vice versa) did not impact the statistical significance of any observed changes. Four fuel additives were tested to evaluate their potential for reducing diesel fuel consumption and cost:
• An ethanol injection system • Envirofuels Diesel Fuel Catalyst • DurAlt Fuel Conditioner • Lucas Fuel Treatment.
Fuel usage was measured while using the additives with diesel fuel (candidate tests) and compared to fuel usage under the same conditions while using only standard diesel fuel (baseline tests). The tests were conducted on diesel generator sets at the USACE Lock and Dam 4 Service Base (ethanol injection) in Alma, WI, the quarters boat Taggatz (Envirofuels Diesel Fuel Catalyst) located near Wabasha, MN, and the towboat Pathfinder (DurAlt Fuel Conditioner and Lucas Fuel Treatment) located in Saint Louis, MO. The evaluations were conducted in the field under actual, in-use operating conditions. The results are applicable to the host engines and operating conditions, but similar results can be expected for similar engine families, year of manufacture, and operating regimes. While the Envirofuels, DurAlt, and Lucas additives showed limited fuel reduction in select operation conditions, only the ethanol injection system consistently showed potential to reduce diesel fuel consumption.
During the candidate test runs, diesel fuel consumption using the ethanol injection system was reduced by an average of 30% at the 50% loads, and 12% at the 75% and 90% loads. The lower reduction in diesel fuel usage at the higher load levels is likely due to the injection system's static flow rate and sensitivity to turbocharger boost pressures. Instead of maintaining the same alcohol mass flow at all engine loads, this caused a decrease in the alcohol dosing at the higher power levels. As a result, proportionally more diesel was displaced at 50% than at the 75% and 90% loads. The engine was found to be more efficient with the candidate system at the 50% and 90% loads by 5.98% and 1.17%, respectively, and less efficient at the 75% load by 0.27%.
While using the alcohol injection system, it was found that CO2 emissions were reduced by 6.08% for the 50% load, 0.21% at the 75% load and 1.22% at the 90% load. It is possible that if the alcohol injection amount had remained constant throughout the different loading conditions or had a more variable flow rate that scales proportionally with diesel use, the higher load results would have more resembled the data collected at the 50% load condition.
